It is well-recognized that excessive angiotensin II (ANG II) can mediate progressive renal injury. Previous studies by us and others have indicated that dopamine may modulate actions of ANG II in the kidney. The current studies investigated whether altering intrarenal dopamine levels affected ANG II-mediated renal fibrosis. We utilized a model of increased intrarenal dopamine, catechol-O-methyl-transferase knockout (COMT KO) mice, which have increased kidney dopamine levels due to deletion of a major intrarenal dopaminemetabolizing enzyme. In wild-type mice, chronic ANG II infusion increased renal expression of both of the major dopamine-metabolizing enzymes, COMT and monoamine oxidase. After 8 wk of ANG II infusion, there were no significant differences in blood pressure between wild-type and COMT KO mice. Compared with wild-type, COMT KO mice had decreased albuminuria and tubulointerstitial injury. In response to ANG II infusion, there was decreased expression of both glomerular and tubulointerstitial injury markers (fibronectin, connective tissue growth factor, fibroblast-specific protein-1, collagen I, podocyte vascular endothelial growth factor) in COMT KO mice. We recently reported that ANG II-mediated tubulointerstitial fibrosis is mediated by src-dependent epidermal growth factor receptor (EGFR) activation. In aromatic L-amino acid decarboxylase knockout (AADC KO) mice, a model of intrarenal dopamine deficiency due to selective proximal tubule AADC deletion, which inhibits intrarenal dopamine synthesis, ANG II infusion further increased expression of p-src and pTyr845-EGFR. In contrast, their expression was markedly attenuated in COMT KO mice. These results demonstrate a role for intrarenal dopamine to buffer the detrimental effects of ANG II upon the kidney.
In the mammalian kidney, dopamine receptor activation inhibits both proximal and distal solute and water transport (1, 4) . In addition to its role in regulation of salt and water excretion and blood pressure, dopamine may be protective to the kidney under pathological conditions. Both D 1 -like receptors and D 2 -like receptors have been reported to protect against acute kidney injury (23, 32) . A recent randomized controlled trial indicates that donor pretreatment with dopamine limited cold-ischemia-induced kidney injury following transplantation (25) . One mechanism underlying dopamine kidney protection may be its antioxidant effect (35) .
Angiotensin II (ANG II), mediated through AT 1 receptors, stimulates reabsorption in both proximal and distal nephrons. Thus, dopamine and ANG II appear to serve counterregulatory functions in the kidney (5, 15, 16) . In this regard, dopamine inhibits renal renin expression (38) and inhibits ANG II-mediated tubule function and AT 1 expression (9, 21, 28, 40) . The goal of the present studies was to determine the potential role of intrarenal dopamine to modulate the effects of ANG II excess on renal function and development of progressive injury.
METHODS

Animals.
Animal experiments were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Vanderbilt University. Animal protocol was reviewed and approved by IACUC of Vanderbilt University. All mice used in the studies were on a 129J/sv background. Wild-type and COMT knockout (KO) mice were obtained from Dr. Maria Karayiorgou at Rockefeller University (17) . AADC floxed mice were generated in our laboratories, backcrossed onto the 129J/sv background for 10 generations, and then crossed with 129J/sv ␥-GT Cre mice (40) . All mice were genotyped before use. ANG II infusion induced more severe kidney injury in unilaterally nephrectomized (UNX) animals than in animals with two kidneys (22) . Therefore, in our studies, the UNX mice were treated with ANG II (BACHEM) at a dose of 1.4 mg·kg Ϫ1 ·day Ϫ1 (COMT KO and corresponding wild-type mice) through subcutaneous osmotic minipumps (model 2004, Alzet) (20) and killed after 8 wk. Our preliminary experiment found that most of UNX AADC KO mice treated with 1.4 mg·kg Ϫ1 ·day Ϫ1 ANG II died within 4 wk after initiation of ANG II infusion. Therefore, a reduced ANG II dose (0.9 mg·kg Ϫ1 ·day Ϫ1 ) and shortened experiment period (4 wk) were employed for AADC KO and corresponding wild-type mice.
The renal selective dopamine precursor gludopa was synthesized in the Chemical Synthesis Core, Vanderbilt Institute of Chemical Biology. Gludopa at a dose of 5 or 10 mg·kg Ϫ1 ·day
Ϫ1
was administered through subcutaneous osmotic minipumps (model 2001). Urine samples were collected by using the Credé technique and stored at Ϫ80°C until use. Urinary ANG II was measured by GC/electron capture/negative chemical ionization mass spectrometry assay as previously described (40) .
Measurements of blood pressure and albuminuria. Systolic blood pressure (SBP) was measured in conscious, trained mice at room temperature using a tail-cuff monitor (BP-2000 BP Analysis System, Visitech System). Twenty-four-hour urine was collected from individually caged mice using polycarbonate metabolic cages. Urinary albumin and creatinine excretion were determined using Albuwell-M kits (Exocell, Philadelphia, PA).
Measurement of kidney dopamine. Dopamine was measured by HPLC coupled with electrochemical detection by the Neurochemistry Core Laboratory at Vanderbilt University's Center for Molecular Neuroscience Research.
Antibodies. Rabbit antibodies against AADC (AB136) and collagen I were purchased from Millipore. Goat anti-COMT was from Novus. Rabbit anti-fibroblast-specific protein-1 (FSP-1) was a gift from Dr. Eric Neilson (Vanderbilt University), rabbit anti-human fibronectin was from Sigma, rabbit anti-Mas was from Alomone (AAR-013), monoclonal anti-angiotensinogen (AGT) was from ABBIOTEC (catalog no. 250551), and rabbit anti-p-Src was from Cell Signaling Technology. Rabbit anti-p-epidermal growth factor receptor (EGFR) (Tyr848) and EGFR, MAO A/B, goat anticonnective tissue growth factor (CTGF), and NADPH oxidase 1 (NOX-1) were from Santa Cruz Biotechnology.
Immunohistochemistry and Western analysis and quantitative image analysis. Under deep anesthesia with Nembutal (70 mg/kg ip, Abbot Laboratories), mice were exsanguinated with ϳ10 ml heparinized saline (0.9% NaCl, 2 U/ml heparin) through a transcardial aortic cannula. One kidney was removed for Western blot analysis. The other kidney was perfused as previously reported (37) . The fixed kidneys were dehydrated through a graded series of ethanols, embedded in paraffin, sectioned at 4-m thickness, and mounted on glass slides. The slides were deparaffinized, rehydrated, and stained with different antibodies, as previously described (18) . Based on the distinctive density and color of immunostaining in video images, the number, size, and position of stained cells were quantified using the BIOQUANT true-color windows system (R & M Biometrics, Nashville, TN) as previously described (36, 37) . Western blot analysis was carried out as described previously (7, 26) .
Cell culture. Mouse proximal tubule cells were generated based on our previously described methods (8) . These cells were conditionally immortalized with a termperature-sensitive SV40 large T gene. The immortalized mouse proximal tubule cells were cultured at 37°C for experiment in the absence of interferon-␥. Cells were starved for 24 h before treatment with 100 nM dopamine.
RNA isolation and PCR. Total RNA was isolated from cultured mouse proximal tubule cells using TRIzol reagents (Invitrogen) according to the manufacturer's instructions. Primers used for PCR were listed in Table 1 .
Interstitial fibrotic analysis. Interstitial fibrosis (Masson trichrome stain) was quantified using the BIOQUANT true-color windows system. Interstitial fibrosis in vehicle-treated animal was used as 100%.
Statistical analyses. All values are presented as means Ϯ SE. Bonferroni t-test corrected for multiple comparisons was used for statistical analysis, and differences were considered significant at P Ͻ 0.05.
RESULTS
Previous studies have shown that intrarenal dopamine can modulate components of the intrarenal renin-angiotensin system. Cultured mouse proximal tubule cells expressed mRNA for the major components of the renin-angiotensin system (AGT, ACE1, ACE2, AT 1a , AT 1b , AT 2 . When these cells were cultured with dopamine (100 nM), there was a time-dependent decrease in AGT expression and an increase in ACE2. Mas expression was not affected by dopamine treatment (Fig. 1C) .
Gludopa is a renal selective dopamine precursor due to its sequential conversion in the proximal tubules of the kidney by proximal tubule-specific ␥-glutamyl transpeptidase into L-DOPA, which, in turn, is converted to DA by AADC (3). Our preliminary data showed that renal dopamine levels increased Ͼ4-and Ͼ10-fold, respectively, after treatment with gludopa at doses of 5 and 10 mg·kg Ϫ1 ·day Ϫ1 , while dopamine levels in the brain and blood were not altered (data not shown). Gludopa decreased urinary ANG II excretion in a concentration-dependent manner (Fig. 2) . Of note, urinary ANG II excretion was markedly decreased in COMT KO mice, further indicating intrarenal effects of altering renal dopamine metabolism.
Intravenous infusion of ANG II in humans acutely reduces urinary dopamine levels (13), but the role of ANG II to modulate expression of components of intrarenal dopamine production has not been systematically examined. As indicated in Fig. 3A , chronic ANG II infusion did not alter renal expression of AADC, the enzyme that converts L-DOPA to active dopamine, in either wild-type or COMT KO mice. In contrast, it increased expression of COMT and MAO, the two major intrarenal dopamine-metabolizing enzymes in wild-type mice. In COMT KO mice, chronic ANG II infusion also increased expression of MAO. ANG II decreased renal dopamine in wild-type mice, but in COMT KO, intrarenal dopamine levels were not statistically different than nontreated mice. These results suggest that COMT, but not MAO, plays a major role in ANG II-mediated reduction of kidney dopamine production.
After 8 wk of ANG II infusion (1.4 mg·kg Ϫ1 ·day Ϫ1 ), there were no significant differences in blood pressure between wild-type and COMT KO mice (SBP: 185 Ϯ 3 vs. 186 Ϯ 2 mmHg of ANG II-infused wild-type mice, n ϭ 8). As indicated in Fig. 4B , ANG II infusion led to markedly less proteinuria in UNX COMT KO mice than in UNX wild-type mice. At baseline, albuminuria was similar in wild-type and COMT KO mice (33 Ϯ 3 vs. 35 Ϯ 2 g/day, n ϭ 6). In wild-type mice, UNX for 8 wk led to increased albuminuria, which was further augmented by ANG II infusion (g/day: UNX: 256 Ϯ 79, P Ͻ 0.01 vs. control; UNX ϩ ANG II: 8,110 Ϯ 1,437, P Ͻ 0.01 vs. UNX, n ϭ 6 in each group; Fig.  4 ). In contrast, COMT KO mice had minimal increases in albuminuria with UNX (45 Ϯ 6) and significantly less albuminuria with ANG II than in wild-type (UNX ϩ ANG II: 2,697 Ϯ 632, P Ͻ 0.01, n ϭ 6; Fig. 4 ).
Histologic analysis indicated that ANG II infusion led to interstitial fibrosis, as indicated by Masson trichrome staining, and glomerular sclerosis as indicated by silver staining in wild-type mice, and both glomerular and tubulointerstitial fibrosis were significantly attenuated in COMT KO mice (Fig. 5) . Immunohistochemistry showed that in COMT KO mice, there was attenuation of the ANG II-induced increases in interstitial fibronectin, collagen I, and the fibroblast marker FSP-1 observed in wild-type mice (Fig. 6A) . Podocyte vascular endothelial growth factor expression was increased in response to ANG II in wild-type mice, but this increase was markedly attenuated in COMTϪ/Ϫ mice. Similarly, CTGF expression increased in both glomeruli and tubules in response to ANG II but there were minimal increases in COMTϪ/Ϫ mice. Immunoblotting confirmed these differences in renal expression of fibronectin, CTGF, and FSP-1 (Fig. 6B) .
We and others reported previously that the tubulointerstitial injury induced by chronic ANG II infusion is predominantly mediated by EGFR transactivation (6, 20) , and we previously found that this effect was mediated by reactive oxygen species activation of src, which activates EGFR by src-dependent phosphorylation of tyrosine residue 845 (6) . In response to chronic ANG II infusion, both src activation and phospho-845Y EGFR expression were inhibited in COMT KO mice compared with wild-type mice (Fig. 7A) . Also of interest, NOX-1 expression increases in response to ANG II infusion were blunted in COMT KO mice (Fig. 7B) . We previously described increased renal injury in response to ANG II in mice with selective intrarenal dopamine production due to genetic deletion of AADC (40) . In these mice, expression of phospho-src and phospho-845Y EGFR was increased in response to chronic ANG II administration compared with that in wild-type mice (Fig. 7C) .
DISCUSSION
In the mammalian kidney, dopamine and ANG II serve counterregulatory roles in the regulation of salt and water reabsorption, with ANG II stimulating and dopamine inhibiting both proximal and distal solute and water transport, mediated at least in part by regulation of specific tubule transporter activity (1, 4, 28, 33, 34) . In addition to acute changes in nephron function, chronic ANG II excess leads to both initiation and progression of progressive glomerular and tubulointerstitial fibrotic injury. In association with our previous studies (40) , the current studies provide compelling evidence that dopamine can also mitigate the profibrotic effects of ANG II in the kidney.
Increased renal dopamine in the COMT KO mice led to relative preservation of glomerular structure and function and marked decreases in tubulointerstitial fibrosis in response to chronic ANG II infusion. These studies complement our previous finding that tubulointerstitial fibrosis was markedly increased in mice with deficient intrarenal dopamine production (40) . We (6) and others (20) reported that the tubulointerstitial injury induced by ANG II excess is in large part mediated by activation of the EGFR, and we found that this activation occurs by oxidant stress-mediated activation of src kinase, with activation of EGFR by phosphorylation of tyrosine 845 in the EGFR cytoplasmic domain, which is known to be a target of src phosphorylation (6) . Therefore, it was noteworthy that in the current studies, src activation and 845Y EGFR expression were significantly decreased in COMT KO mice and were increased in AADC KO mice. Whether this is secondary to the known effect of dopamine to decrease AT 1 receptor expression in the proximal tubule (9, 27, 28) or to direct antioxidant effects of dopamine (2, 29 -31) will require further studies.
COMT is a major intrarenal dopamine-metabolizing enzyme, and COMT KO mice have increased intrarenal and urinary dopamine levels due to the absence of COMT metabolism of dopamine. However, plasma dopamine concentrations are similar between wild-type and COMT KO mice (19, 38) . Previous studies indicate that ANG II may regulate the intrarenal dopaminergic system at multiple levels. ANG II has been reported to inhibit dopamine uptake and AADC activity but to stimulate MAO activity in kidney cortex through activation of AT 1 receptors (10 -12). Nitecapone, a peripheral inhibitor of COMT, induces dopaminedependent natriuresis (14) . However, it has been suggested that entacapone, another inhibitor of COMT, protected from Fig. 2 . Urinary ANG II excretion was inhibited by activation of the intrarenal dopaminergic system. Gludopa, a renal specific dopamine precursor, inhibited urinary ANG II excretion in wild-type mice. Compared with wild-type mice, urinary ANG II excretion was reduced in COMT knockout (KO) mice. *P Ͻ 0.05 vs. control wild-type mice, n ϭ 4 in each group. Fig. 3 . ANG II activated renal dopaminemetabolizing system and decreased renal dopamine levels. A: chronic ANG II infusion led to increases in expression of MAO and COMT. B: at baseline, renal dopamine levels were higher in COMT KO mice than in wild-type. ANG II infusion decreased renal dopamine levels in wild-type but not COMT KO mice (*P Ͻ 0.05 vs. control wild-type, n ϭ 4 in each group).
ANG II-induced inflammation and renal injury due to its anti-oxidant effect but not due to a change in renal dopaminergic tone (19) . The possible explanation for the lack of effect of entacapone on renal dopaminergic tone is that MAO activity may be predominant in metabolism of dopamine in these transgenic rats. It is well-known that dopamine and ANG II can each antagonize the activity of the other hormone, but this observed increase in protein expression of the major intrarenal pathways of dopamine metabolism in response to ANG II represents a previously undescribed mechanism by which ANG II may decrease dopamine activity in the kidney.
We previously reported that dopamine may indirectly decrease ANG II production by inhibiting renal renin production (38 -40) . In the current studies, dopamine decreased AGT expression in cultured proximal tubule cells, and gludopa decreased urinary ANG II production. Administration of dopamine to proximal tubule cells also increased mRNA for ACE2, the mediator of production of Ang1-7, which serves as a counterregulatory hormone to AT 1 -mediated responses. In addition, previous studies demonstrated that dopamine will increase activity of AT 2 receptors (24) , which can also antagonize ANG II's actions via AT 1 receptors. Therefore, in addition to direct inhibition of angiotensin expression and AT 1 expression and activity, dopamine's antago- Fig. 5 . ANG II-mediated renal injury was markedly attenuated in COMT KO mice. ANG II infusion led to significantly less interstitial fibrosis (A) and glomerular sclerosis (B) in COMT KO mice than in wild-type mice (*P Ͻ 0.01 vs. wild-type, n ϭ 4). A: SDS-PAGE gel electrophoresis indicates significantly less urinary protein excretion in ANG II-treated unilaterally nephrectomized (UNX) COMT KO mice than in the ANG II-treated UNX wild-type mice. Loading volume was determined using urinary creatinine as an internal control. B: 24-h urinary albumin excretion (UAE) was significantly lower in ANG II-treated UNX COMT KO mice than ANG II-treated UNX wild-type mice (*P Ͻ 0.01 vs. wild-type control; †P Ͻ 0.01 vs. corresponding UNX mice; ‡P Ͻ 0.01 vs. ANG II-treated UNX wild-type mice, n ϭ 6 in each group).
nism of AT 1 may also be mediated in part by upregulating angiotensin-mediated signaling pathways that antagonize AT 1 -mediated signaling.
In summary, these studies provide evidence for the important counterregulatory role that the intrarenal dopaminergic system plays to counteract the effects of ANG II signaling through AT 1 receptors (Fig. 8) . In addition to previous studies indicating that dopamine can decrease renin production and decrease AT 1 receptor expression in the kidney, the current studies indicate that dopamine decreases intrarenal angiotensin production. Furthermore, in the face of chronic ANG II excess, increased intrarenal dopamine prevents increases in expression of profibrotic signaling pathways and it decreases glomerular and tubulointerstitial injury. 
